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RESEARCH ARTICLE
Urate Crystal Induced Inflammation and
Joint Pain Are Reduced in Transient Receptor
Potential Ankyrin 1 Deficient Mice – Potential
Role for Transient Receptor Potential Ankyrin
1 in Gout
Lauri J. Moilanen, Mari Hämäläinen, Lauri Lehtimäki, Riina M. Nieminen, Eeva Moilanen*
The Immunopharmacology Research Group, University of Tampere School of Medicine and Tampere




In gout, monosodium urate (MSU) crystals deposit intra-articularly and cause painful arthri-
tis. In the present study we tested the hypothesis that Transient Receptor Poten-tial Ankyrin
1 (TRPA1), an ion channel mediating nociceptive signals and neurogenic in-flammation, is
involved in MSU crystal-induced responses in gout by utilizing three experi-mental
murine models.
Methods
The effects of selective pharmacological inhibition (by HC-030031) and genetic depletion of
TRPA1 were studied in MSU crystal-induced inflammation and pain by using 1) spontaneous
weight-bearing test to assess MSU crystal-induced joint pain, 2) subcutaneous air-pouch
model resembling joint inflammation to measure MSU crystal-induced cytokine production
and inflammatory cell accumulation, and 3) MSU crystal-induced paw edema to assess acute
vascular inflammatory responses and swelling.
Results
Intra-articularly injected MSU crystals provoked spontaneous weight shift off from the affect-
ed limb in wild type but not in TRPA1 knock-out mice referring alleviated joint pain in TRPA1
deficient animals. MSU crystal-induced inflammatory cell infiltration and accumulation of cy-
tokines MCP-1, IL-6, IL-1beta, MPO, MIP-1alpha and MIP-2 into subcu-taneous air-pouch
(resembling joint cavity) was attenuated in TRPA1 deficient mice and in mice treated with
the selective TRPA1 inhibitor HC-030031 as compared to control animals. Further, HC-
030031 treated and TRPA1 deficient mice developed tempered inflammatory edema when
MSU crystals were injected into the paw.
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Conclusions
TRPA1 mediates MSU crystal-induced inflammation and pain in experimental models sup-
porting the role of TRPA1 as a potential mediator and a drug target in gout flare.
Introduction
Gout is an increasing inflammatory disease with a prevalence of 1–2%. Gout flares are charac-
terized by acute burning arthritis with local hyperalgesia and pain caused by monosodium
urate (MSU) crystals accumulated into the affected joint. [1] In inflammatory cells, non-soluble
MSU crystals trigger the formation of reactive oxygen species (ROS) and activate inflammatory
signaling cascades such as phosphoinositide 3-kinase (PI3K) and nuclear factor- κB (NF-κB)
pathways, and NALP3 inflammasome. Activation of NALP3 results in caspase-1 mediated
cleavage of pro-interleukin-1β to the functional inflammatory cytokine interleukin-1β (IL-1β).
[2,3] IL-1β has been investigated as a potential therapeutic target in acute gouty arthritis and it
has been found to mediate partly, but not fully, inflammatory and analgesic responses in MSU
crystal-induced inflammation [4].
Transient Receptor Potential Ankyrin 1 (TRPA1) is a Ca2+ permeable ion channel involved
in cold allodynia, nociception, and according to the recent findings, also in inflammation [5–
10]. Since its discovery in 1999 [11] TRPA1 has drawn increasing interest as a therapeutic tar-
get to treat neuropathic and inflammatory pain [12,13]. TRPA1 was originally discovered in
sensory neurons but later the expression and function of TRPA1 in various non-neuronal cells
has been established [5]. TRPA1 is activated by noxious cold and a spectrum of naturally oc-
curring irritating compounds, e.g. allyl isothiocyanate in mustard oil or allicin in garlic. Inter-
estingly, many reactive molecules formed in inflammation, such as hydrogen peroxide, 4-
hydroxynonenal, nitrooleic acid and some arachidonic acid metabolites also activate TRPA1
[5,14,15]. Furthermore, inflammatory signaling pathways, such as protein kinase A and phos-
pholipase C, are known to sensitize TRPA1 [16]. In addition to the regulation of analgesic sig-
nals, activation of neuronal TRPA1 contributes to neurogenic inflammation by releasing
proinflammatory neuropeptides calcitonin gene related peptide and substance P [5]. Together
with the published data [17,18] our recent findings in a widely used animal model in anti-in-
flammatory drug research, i.e. carrageenan-induced paw inflammation [19], further suggest
that TRPA1 is not only a target of exogenous noxious signals but also a significant endogenous
mechanism involved in amplification of acute inflammation [19].
Pharmacological blockade and genetic depletion of TRPA1 have shown beneficial effects in
several models of hyperalgesia and pain as well as in acute inflammation [5,6,8]. Therefore we
hypothesized that TRPA1 may contribute to MSU crystal-induced inflammation and pain in
gout flare. The aim of the present study was to address the hypothesis by investigating the ef-
fects of pharmacological inhibition and genetic depletion of TRPA1 in animal models evaluat-




Wild type (WT) and TRPA1 knock-out (KO) B6;129P-Trpa1(tm1Kykw)/J mice (Charles River
Laboratories, Sulzfeld, Germany) were used in the experiments. Mice were housed under
TRPA1 in Gout
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standard conditions (12–12h light-dark cycle, 22±1°C) with food and water provided ad libi-
tum. Animal experiments were carried out in accordance with the legislation for the protection
of animals used for scientific purposes (Directive 2010/63/EU) and approved by The National
Animal Experiment Board (approval number ESAVI/5250/04.10.03/2012, granted on Septem-
ber 3, 2012).
Intraperitoneal injection of medetomidine (0.5 mg/kg, Domitor, Orion Oyj, Espoo, Finland)
and ketamine (75 mg/kg, Ketalar, Pfizer Oy Animal Health, Helsinki, Finland) were used for
anesthesia. Animals were sacrificed after experiments by carbon monoxide followed by cranial
dislocation. Reagents were purchased from Sigma Chemical Co., St. Louis, MO, USA unless
otherwise indicated.
Studied Animal Groups
To study drug effects, WT mice were dosed orally with the selective TRPA1 antagonist HC-
030031 [20] (300 mg/kg), with the control compound dexamethasone (2 mg/kg) with known
anti-inflammatory activity or with the vehicle 2h prior to the experiments. All drugs used were
diluted in 75% polyethylene glycol and given by gastric gavage in a volume of 250 μl. The dose
of HC-030031 was based on our previous studies and literature [19,21,22]. Effects of genetic
depletion of TRPA1 were studied by comparing responses in TRPA1 KO and corresponding
WTmice.
Subcutaneous Air-Pouch Test
Subcutaneous air-pouch was created by injecting 3 ml (1st day) and 1.5 ml (3rd day) of sterile
air into the dorsal skin of the studied mice under anaesthesia and after 7 days a synovial-like
epithelium was present in the air-pouch [23]. The inflammation was induced by injecting 3 mg
of MSU crystals prepared as described below diluted in 1 ml of sterile endotoxin free phos-
phate-buffered saline (PBS) into the air-pouch of the anesthetized mice. After 6h the mice were
sacrificed and the exudate was harvested for cell-counting by hemocytometer and for cytokine
measurements. Monocyte chemotactic protein-1 (MCP-1), interleukin-6 (IL-6), interleukin-1β
(IL-1β), myeloperoxidase (MPO), macrophage inflammatory protein-1α (MIP-1α) and macro-
phage inflammatory protein-2 (MIP-2) were measured by enzyme-linked immunosorbent
assay (ELISA) (R&D Systems Europe Ltd, Abindgon, UK).
Paw Edema Test
Inflammatory paw edema was induced by injecting 0.5 mg of MSU crystals diluted in 40 μl of
sterile endotoxin free PBS into the hind paw of anesthetized mice. Contralateral paw was in-
jected with the corresponding volume of the vehicle and developed no measurable edema. The
paw volume was measured up to 6h with plethysmometer (Ugo Basile, Comerio, Italy) and
compared to the baseline value.
Weight-Bearing Test
The MSU crystal-induced weight-bearing test originally described in 1986 [24,25] was trig-
gered by injecting 0.5 mg of MSU crystals diluted in 40 μl of sterile endotoxin free PBS into the
hind knee joint of anesthetized mice. Contralateral knee joint was injected with the corre-
sponding volume of the vehicle. The willingness to bear weight on the affected joint was mea-
sured with an incapacitance meter (IITC Life Science, Woodland Hills, CA, USA) for four
subsequent days and compared to the baseline value. The mice were habituated in the measure-
ment room for 60 min prior to the measurement and the subsequent measurements were
TRPA1 in Gout
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carried out at the same time of the day. To obtain reliable data on the weight distribution, each
mouse was measured 8 times for 1 second at each time point.
Preparation of MSU Crystals
MSU crystals were prepared as previously described [26] by diluting 1.0 g of uric acid into
200 ml of aqua adjusted to pH 14.0 with NaOH by heating and blending. Next, pH was lowered
to 7.0 by adding HCl and MSU was crystallized overnight at room temperature in constant
shaking. The formed crystals were filtered, washed, dried and re-suspended in PBS at a concen-
tration of 50 mg/ml. In microscopic examination the MSU crystals were 5–20 μm in length.
All used equipment and liquids were endotoxin free.
Ca2+-Influx Measurement
TRPA1 mediated Ca2+-influx was measured in HEK293 cells [27] transiently transfected with
plasmid encoding the human TRPA1 (pCMV6-XL4 from Origene, Rockville, MD, USA) as de-
scribed previously [19]. Cultured cells were loaded with 4 μM fluo-3-acetoxymethyl ester and
0.08% Pluronic F-127 in Hanks’ balanced salt solution (HBSS) containing 1 mg/ml of bovine
serum albumin, 2.5 mM probenecid and 25 mMHEPES (pH 7.2) for 30 minutes at room tem-
perature. The intracellular free Ca2+ levels were assessed by Victor3 1420 multilabel counter
(Perkin Elmer, Waltham, MA, USA) at excitation/emission wavelengths of 485/535 nm [28].
In the experiments, the cells were first pre-incubated with 100 μM of the TRPA1 antagonist
HC-030031 [20] or the vehicle for 30 min at +37 C°. Thereafter, 1 mg/ml of MSU crystals or
50 μMAITC was added and the measurements were continued for 30s after which a robust
Ca2+-influx was induced by application of 1 μM of control ionophore compound ionomycin.
The concentrations of AITC and HC-030031 were based on our dose-response studies and
literature [29,30].
Statistical Analysis
Results are expressed as mean ± standard error of the mean (SEM). Data were analyzed with
SPSS version 17.0 for Windows software (SPSS Inc, Chicago, IL, USA) by using Student’s t-test
or one-way ANOVA with Bonferroni’s or Dunnett’s multiple comparison test.
Results
Monosodium urate (MSU) crystals induced an acute inflammatory response when injected
into the subcutaneous air-pouch of studied mice. The response was characterized by accumula-
tion of cells and inflammatory cytokines monocyte chemotactic protein-1 (MCP-1), interleu-
kin-6 (IL-6), interleukin-1β (IL-1β), myeloperoxidase (MPO), macrophage inflammatory
protein-1α (MIP-1α) and macrophage inflammatory protein-2 (MIP-2) (S1 Table). The acute
inflammatory response induced by injection of MSU crystals into subcutaneous air-pouch was
remarkably inhibited by treatment with the selective TRPA1 antagonist HC-030031 or with
dexamethasone which was used as a control compound with known anti-inflammatory activi-
ty. Interestingly, HC-030031 treatment significantly inhibited the total accumulation of cells
(42% inhibition, p<0.05) and proinflammatory cytokines MCP-1, MPO, MIP-1α, MIP-2
(37–60% inhibition, p<0.05 or p<0.01) and a similar trend was seen in IL-6 (42% inhibition,
p = 0.129) and IL-1β (33% inhibiton, p = 0.067). As expected, the total accumulation of cells
and proinflammatory mediators was significantly attenuated also by dexamethasone. Compa-
rable results to those seen in pharmacological inhibition of TRPA1 were also observed when re-
sponses in TRPA1 KO andWT mice were compared. In KO mice the total amounts of IL-6,
TRPA1 in Gout
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IL-1β, MPO, MIP-1α, and MIP-2 were attenuated in a statistically significant manner (45–83%
reduction, p<0.05 or p<0.01) as compared to the corresponding WTmice and a non-signifi-
cant reduction in MCP-1 production (33% reduction, p = 0.148) was observed. (Fig. 1A and
1B)
Intraplantar injection of MSU crystals induced an acute inflammatory edema (Fig. 2). The
MSU crystal-induced paw edema was clearly attenuated by the treatment with the selective
TRPA1 antagonist HC-030031 (61% inhibition at 2h, p<0.05) or the positive control com-
pound dexamethasone. Accordingly, TRPA1 KOmice developed significantly less severe
edema than corresponding WTmice (57% reduction at 2h, p<0.05). (Fig. 2A and 2B)
In the weight-bearing test indicating joint pain, WT mice developed a clear reduction in
spontaneous weight-bearing on the affected limb when measured 1, 2 and 3 days after an intra-
articular injection of MSU crystals and the weight distribution was normalized at the 4th day.
Interestingly, injection of MSU crystals did not induce any weight distribution change in
TRPA1 deficient mice. (Fig. 3)
Direct activation of TRPA1 by MSU crystals was excluded by studying Ca2+-influx in
TRPA1-transfected HEK293 cells. MSU crystals did not evoke Ca2+-influx to the TRPA1-
transfected cells indicating that MSU crystals do not function as a direct TRPA1 agonist. In
contrast, introduction of AITC to the cells induced a strict increase in the intracellular Ca2+
concentration which was inhibited by the TRPA1 antagonist HC-030031. (Fig. 4A-C)
Discussion
The present results show that TRPA1 has a significant role in the development of MSU crystal-
induced joint pain, inflammatory mediator production and edema formation as evidenced by
the effects of pharmacological blockade and/or genetic depletion of TRPA1 in murine models.
In the present study, three models of MSU crystal-induced response were investigated. The
air-pouch inflammation model is a widely used model to mimic synovial inflammation en-
abling the harvest of inflammatory exudate which is extremely difficult to sample reliably from
the very small mouse joints. The results show that TRPA1 mediates the MSU crystal-induced
accumulation of inflammatory cells (mainly neutrophils), and inflammatory cytokines into the
air-pouch. Secondly, we used paw inflammation model to measure inflammatory edema relat-
ed to soft-tissue inflammation, and found that TRPA1 mediates also the MSU crystal-induced
inflammatory edema formation which is linked to vascular leakage. Thirdly, we used weight-
bearing test to estimate joint pain as nociceptive responses were not possible measurements in
the two previous models as their license allows to use only anesthetized mice in those experi-
ments. According to the results of the weight-bearing test, TRPA1 mediates also the MSU crys-
tal-induced joint pain. Intriguingly, Ferreira and Geppetti with their co-workers published very
recently two articles reporting that activation of TRPA1 contributes to MSU crystal-induced
responses when MSU crystals were injected in the rodent paw [17] or ankle joint [18]. They
found that TRPA1 antagonist was able to inhibit MSU crystal-induced acute edema, nocicep-
tion, production of IL-1β and myeloperoxidase and accumulation of neutrophils. They also dis-
covered that genetic depletion of TRPA1 reduced the acute nociceptive and edematogenic
effects of TRPA1. Those findings highly support the results of the current study. Further, the
present results extend the previous knowledge by providing information on air-pouch model
and on a broad range of proinflammatory cytokines, and by extending the studied time span of
pain-like behavior resulting fromMSU crystal injection as demonstrated in the spontaneous
weight bearing test. These three studies beautifully complement and strengthen each other and
highlight the previously unknown role of TRPA1 in the development of MSU crystal-induced
inflammation and pain applicable for the pathogenesis and drug development for gout flare.
TRPA1 in Gout
PLOS ONE | DOI:10.1371/journal.pone.0117770 February 6, 2015 5 / 13
Fig 1. Effect of TRPA1 Activation in MSUCrystal-Induced Air-Pouch Test. Treatment with TRPA1 antagonist HC-030031 (300 mg/kg) or
dexamethasone (2 mg/kg) inhibited monosodium urate (MSU) crystal-induced production of proinflammatory cytokines MCP-1, IL-6, IL-1β, MPO, MIP-1α
and MIP-2 and accumulation of cells in the synovial joint resembling subcutaneous air-pouch model in the mouse (A). Accordingly, genetic depletion of
TRPA1 led to an attenuated inflammatory response when compared to corresponding wild type mice (B). The studied drugs were given orally 2h prior to 3 mg
of MSU crystals diluted in 1 ml of endotoxin free phosphate buffered saline were injected into the air-pouch. The exudate was harvested 6h after the MSU
crystal injection and cells were counted using hemocytometer and the cytokines were analysed using ELISA. Results are displayed as total amount of cells or
cytokines per air-pouch. The mean amount of the vehicle treated mice was set as 100% and the other values are related to that. The results are expressed as
mean + SEM, n = 7–8, a indicates p = 0.129, b indicates p = 0.067, c indicates p = 0.148, * = p<0.05, ** = p<0.01, *** = p<0.001.
doi:10.1371/journal.pone.0117770.g001
TRPA1 in Gout
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TRPA1 activation has proved to mediate nociception and neurogenic and inflammatory
pain in various experimental models [5,6,13]. Also, TRPA1 hyperfunction due to genetic muta-
tion was recently reported to be associated with a severe familiar episodic pain syndrome prov-
ing the significant role of TRPA1 in human pain [31]. The present results together with those
reported by Ferreira’s and Geppetti’s groups [17,18] show that TRPA1 mediates joint pain in a
mouse model of MSU crystal-induced arthritis adding MSU crystals into the list of painful
Fig 2. Effect of TRPA1 Activation in MSU Crystal-Induced Inflammatory Paw Edema. Treatment with
TRPA1 antagonist HC-030031 (300 mg/kg) or dexamethasone (2 mg/kg) inhibited mouse paw edema
formation induced by an injection of monosodium urate (MSU) crystals (A). In non-treated mice, TRPA1
deficiency caused an alleviated edema formation compared to the corresponding wild type mice (B). The
studied drugs were given orally 2h prior to the initiation of the experiment by injecting 0.5 mg of MSU crystals
in 40 μl of endotoxin free phosphate buffered saline into the mouse hind paw. The paw volume was measured
with a plethysmometer before and up to 6h after MSU crystal injection. The contralateral control paw injected
with the vehicle developed no measurable edema. Paw edema is expressed as the volume change as
compared to the pre-treatment value and the results are displayed as mean + SEM, n = 5–6, a indicates
p = 0.057, * = p<0.05, ** = p<0.01.
doi:10.1371/journal.pone.0117770.g002
TRPA1 in Gout
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compounds mediating their effects through indirect activation of TRPA1 channels. Further,
the results strongly suggest TRPA1 as a mediator and drug target to treat painful gout flares
in man.
Several irritating exogenous compounds known to cause inflammatory edema in the skin,
gut or respiratory track have appeared as direct activators of TRPA1 [5,6]. Interestingly, in ad-
dition to sensing exogenous irritating/proinflammatory compounds, TRPA1 has also been re-
ported to be an endogenous mechanism mediating inflammatory edema highlighted by the
fact that many compounds not directly interacting with TRPA1 cause an inflammatory reac-
tion yet dependent on the activation of TRPA1 [5,6,19]. The TRPA1 triggered inflammatory
edema – which is usually associated with hyperalgesia – has been proposed to be connected to
several classical inflammatory mechanisms such as mast cell degranulation, neutrophil migra-
tion, release of histamine, serotonin and adrenalin and production of prostaglandins [19,32].
Furthermore, activation of TRPA1 has been reported to enhance the expression of inflammato-
ry genes including IL-1β and the prostaglandin producing enzyme cyclooxygenase-2 in certain
Fig 3. Effect of TRPA1 Activation in MSU Crystal-Induced SpontaneousWeight-Bearing Test.
Spontaneous weight-bearing on hind limb knee joint injected with monosodium urate (MSU) crystals
indicative of joint pain was altered in wild type but not in TRPA1 deficient mice. The difference between the
groups was also significant. An injection of 0.5mg of MSU crystals diluted in 40 μl of endotoxin free phosphate
buffered saline into the knee joint was performed and the mice were measured for spontaneous distribution of
weight between hind limbs with an incapacitance meter for four subsequent days and referred to the basal
level. The contralateral knee was injected with the vehicle only and the measurer was blinded for the affected
limb. Results are displayed as the percentage of weight bore by the affected limb and given as mean + SEM,
n = 7–10, * = p<0.05, ** = p<0.01.
doi:10.1371/journal.pone.0117770.g003
TRPA1 in Gout
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experimental models [19,33,34]. Accordingly, we found in the present study that pharmacolog-
ical inhibition and genetic depletion of TRPA1 reduced the production of several MSU crystal-
induced chemokines and inflammatory cytokines as measured in the air-pouch model. Even
though mechanisms related to TRPA1-triggered changes in gene expression are not fully un-
derstood, TRPA1-induced increase in intracellular Ca2+ concentration may directly mediate
the effect as changes in intracellular Ca2+ levels are known to regulate the transcription of some
inflammatory genes [35–37]. Against this background, our present findings, in which inhibi-
tion or depletion of TRPA1 significantly reduced edema formation and accumulation of proin-
flammatory cytokines and inflammatory cells in response to MSU crystals in synovial joint
resembling subcutaneous air-pouch and in subcutaneous soft-tissue are reasonable and togeth-
er with the results described recently [17,18] support the role of TRPA1 as a mediator of in-
flammatory responses in acute gouty arthritis.
Presentation of MSU crystals to the inflammatory cells triggers several inflammatory mech-
anisms including ROS production and activation of PI3K and NF-κB pathways and NALP3
inflammasome. Activation of NALP3 leads to the release of powerful proinflammatory cyto-
kine IL-1β [2,3]. In animal models, elimination of IL-1β has been reported to cause a clear but
not a total inhibition of inflammation and pain suggesting the presence of additional mecha-
nisms mediating the responses [4]. The present study proposes TRPA1 as such a mechanism.
However, in the intracellular Ca2+ measurements MSU crystals were found not to directly acti-
vate TRPA1. An interesting hypothetical link between TRPA1 and MSU crystals lies, however,
in the fact that MSU crystals induce oxidative stress and ROS production [2,3]. Reactive oxygen
species are involved in the activation of NALP3 inflammasome and other cellular responses to
MSU crystals [2,3]. Notably, multiple products of oxidative stress e.g. hydrogen peroxide and
4-hydroxynonenal are also known to activate TRPA1 which could amplify the inflammatory
Fig 4. Effect of MSU Crystals in TRPA1-Mediated Ca2+-Influx in HEK293 Cells.Monosodium urate (MSU) crystals did not evoke TRPA1-mediated
Ca2+-influx (A) whereas the known TRPA1 agonist allyl isothiocyanate (AITC) induced a robust Ca2+-influx (B) which was inhibited by pre-treatment with the
selective TRPA1 antagonist HC-030031 (C). HEK293 cells were transfected with plasmids encoding TRPA1 and loaded with Fluo-3 AM as described in
the Methods. The intracellular Ca2+ concentration was assessed by Victor3 multilabel counter at excitation/emission wavelengths of 485/535 nm at 1/s
frequency. The cells were first pre-incubated with 100 μMHC-030031 (C) or the vehicle (A-B) for 30 min at +37 C°. In the experiments (A-C) basal
fluorescence was first measured for 15s and thereafter 1 mg/ml of MSU crystals (A) or 50 μMAITC (B-C) was added and the measurement was continued for
30s after which 1 μM of the control ionophore compound ionomycin was introduced to the cells. The seen transient minor fall in the relative fluorescent units
after the application of MSU (A) is regarded as an artifact as a similar phenomenon is often seen following an application of inert compounds or solvents into
the wells. The results are normalized against background and expressed as mean (drak gray line) ± SEM (light gray shadowing), n = 6.
doi:10.1371/journal.pone.0117770.g004
TRPA1 in Gout
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response either by NALP3 dependent or independent mechanism following exposure to MSU
crystals [6,15,17,18].
TRPA1 mediated inflammation is frequently explained by the neuronal expression of
TRPA1 and the release of proinflammatory neuropeptides following its activation [6,13]. Calci-
tonin gene related peptide and substance P are best known of those neuropeptides which medi-
ate the neurogenic inflammation triggered by activation of neuronal TRPA1. Curiously, the
release of substance P from the surrounding neurons has been previously proposed in an ex-
perimental MSU crystal-induced arthritis [38] promoting neurogenic inflammation also as a
potential mechanism involved in the formation of gouty arthritis. The role of neuronal mecha-
nism in the development or MSU crystal-induced inflammation is supported by the finding
that neonatal dysfunctionalization of peptidergic nerve fibers by capsaicin attenuates the pain
induced by MSU crystals [24]. It is of note that the neurons which express the capsaicin sensor
TRPV1 often co-express TRPA1 [8]. However, the non-neuronal TRPA1 expression and func-
tion has been clearly established in many cell types such as keratinocytes, synoviocytes and en-
dothelium [39] giving rise to a possibility that MSU crystal-induced inflammation is also
linked to the non-neuronal TRPA1 activation. Descriptively, activation of TRPA1 in vascular
endothelium in addition to vascular sensory neurons is capable of causing edema through va-
sodilatation and increased vascular permeability [40]. Also, increase in intracellular Ca2+ con-
centration via activated TRPA1 ion channel may regulate the expression and release of
inflammatory factors in both inflammatory and resident tissue cells as discussed above [35–
37]. In our study we provide data originating from animal models focusing on tissue and or-
ganism level results of TRPA1 activation following the application of MSU crystals indicating
that the responses are functional in vivo and not restricted to experimental in vitro conditions.
Based on these results it is not, however, possible to define the cell types responsible for TRPA1
mediated responses in MSU crystal-induced inflammation yet it is likely that TRPA1 convoyed
pro-inflammatory responses are due to the interaction between different neuronal and non-
neuronal cell types.
In addition to the mechanisms described above, a more direct interaction between TRPA1
and IL-1β in MSU crystal-induced inflammation is possible, as TRPA1 activation has been re-
ported to enhance IL-1β production in keratinocytes [33], and a similar effect was found in the
present study in the air-pouch model. On the other hand, IL-1β has been found to enhance
TRPA1 expression in human synovial cells especially in hypoxic conditions [41]. Although sev-
eral potential mechanisms do exist, the exact means how TRPA1 exacerbates the MSU crystal-
induced gouty inflammation cannot be conclusively defined by the present results but warrants
further studies.
Currently, treatment of gout flare includes systemic or local corticosteroids, non-steroidal
anti-inflammatory drugs and colchicine [1] but there is a real need for novel treatment modali-
ties, especially in resistant cases. The present results propose TRPA1 as an attractive novel
anti-inflammatory and analgesic drug target to treat acute gouty arthritis.
Conclusions
TRPA1 was found to mediate MSU crystal-induced inflammation and pain in three different
experimental models supporting the role of TRPA1 as a potential mediator and a drug target in
gout flare.
Supporting Information
S1 Table. Monosodium urate (MSU) crystals induced accumulation of inflammatory cyto-
kines and cells into synovial joint mimicking subcutaneous air-pouch in the mouse. The
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amounts of accumulated cells and of proinflammatory cytokines monocyte chemotactic pro-
tein-1 (MCP-1), interleukin-6 (IL-6), interleukin-1β (IL-1β), myeloperoxidase (MPO), macro-
phage inflammatory protein-1α (MIP-1α) and macrophage inflammatory protein-2 (MIP-2)
measured in the synovial joint resembling subcutaneous air-pouch inflammation model in the
mouse. The studied mice were injected into the air-pouch with 3 mg of monosodium urate
(MSU) crystals in 1 ml of endotoxin free phosphate buffered saline (PBS) or with 1 ml of PBS
only. The exudate was harvested 6h after the injection and cells were counted using hemocy-
tometer and the cytokines were analysed using ELISA. Results are displayed as total amount of
cells or cytokines per air-pouch. The results are expressed as mean ± SEM, n = 5–8,  =
p<0.05,  = p<0.01,  = p<0.001.
(PDF)
Acknowledgments
We wish to thank Ms Meiju Kukkonen, Salla Hietakangas and Terhi Salonen for excellent tech-
nical assistance and Ms Heli Määttä for skillful secretarial help.
Author Contributions
Conceived and designed the experiments: LJMMH RN EM. Performed the experiments: LJM
MH. Analyzed the data: LJM LL. Contributed reagents/materials/analysis tools: LJMMH LL
RMN EM. Wrote the paper: LJMMH LL RMN EM.
References
1. Richette P, Bardin T (2010) Gout. Lancet 375: 318–328. doi: 10.1016/S0140-6736(09)60883-7 PMID:
19692116
2. Shi Y, Mucsi AD, Ng G (2010) Monosodium urate crystals in inflammation and immunity. Immunol Rev
233: 203–217. doi: 10.1111/j.0105-2896.2009.00851.x PMID: 20193001
3. Punzi L, Scanu A, Ramonda R, Oliviero F (2012) Gout as autoinflammatory disease: newmechanisms
for more appropriated treatment targets. Autoimmun Rev 12: 66–71. doi: 10.1016/j.autrev.2012.07.024
PMID: 22884557
4. Torres R, Macdonald L, Croll SD, Reinhardt J, Dore A, et al. (2009) Hyperalgesia, synovitis and multiple
biomarkers of inflammation are suppressed by interleukin 1 inhibition in a novel animal model of gouty
arthritis. Ann Rheum Dis 68: 1602–1608. doi: 10.1136/ard.2009.109355 PMID: 19528034
5. Nilius B, Appendino G, Owsianik G (2012) The transient receptor potential channel TRPA1: from gene
to pathophysiology. Pflugers Arch 464: 425–458. doi: 10.1007/s00424-012-1158-z PMID: 23001121
6. Bautista DM, Pellegrino M, Tsunozaki M (2013) TRPA1: A gatekeeper for inflammation. Annu Rev Phy-
siol 75: 181–200. doi: 10.1146/annurev-physiol-030212-183811 PMID: 23020579
7. Nassini R, Materazzi S, Benemei S, Geppetti P (2014) The TRPA1 Channel in Inflammatory and Neu-
ropathic Pain and Migraine. Rev Physiol Biochem Pharmacol.
8. Zygmunt PM, Hogestatt ED (2014) Trpa1. Handb Exp Pharmacol 222: 583–630. doi: 10.1007/978-3-
642-54215-2_23 PMID: 24756722
9. de Oliveira C, Garami A, Lehto SG, Pakai E, Tekus V, et al. (2014) Transient receptor potential channel
ankyrin-1 is not a cold sensor for autonomic thermoregulation in rodents. J Neurosci 34: 4445–4452.
doi: 10.1523/JNEUROSCI.5387-13.2014 PMID: 24671991
10. del Camino D, Murphy S, Heiry M, Barrett LB, Earley TJ, et al. (2010) TRPA1 contributes to cold hyper-
sensitivity. J Neurosci 30: 15165–15174. doi: 10.1523/JNEUROSCI.2580-10.2010 PMID: 21068322
11. Jaquemar D, Schenker T, Trueb B (1999) An Ankyrin-like Protein with Transmembrane Domains Is
Specifically Lost after Oncogenic Transformation of Human Fibroblasts. Journal of Biological Chemistry
274: 7325–7333. PMID: 10066796
12. Andrade EL, Meotti FC, Calixto JB (2012) TRPA1 antagonists as potential analgesic drugs. Pharmacol
Ther 133: 189–204. doi: 10.1016/j.pharmthera.2011.10.008 PMID: 22119554
TRPA1 in Gout
PLOS ONE | DOI:10.1371/journal.pone.0117770 February 6, 2015 11 / 13
13. Koivisto A, Chapman H, Jalava N, Korjamo T, Saarnilehto M, et al. (2014) TRPA1: a transducer and
amplifier of pain and inflammation. Basic Clin Pharmacol Toxicol 114: 50–55. doi: 10.1111/bcpt.12138
PMID: 24102997
14. Taylor-Clark TE, Undem BJ, Macglashan DW Jr, Ghatta S, Carr MJ, et al. (2008) Prostaglandin-in-
duced activation of nociceptive neurons via direct interaction with transient receptor potential A1
(TRPA1). Mol Pharmacol 73: 274–281. PMID: 18000030
15. Andersson DA, Gentry C, Moss S, Bevan S (2008) Transient receptor potential A1 is a sensory receptor
for multiple products of oxidative stress. J Neurosci 28: 2485–2494. doi: 10.1523/JNEUROSCI.5369-
07.2008 PMID: 18322093
16. Wang S, Dai Y, Fukuoka T, Yamanaka H, Kobayashi K, et al. (2008) Phospholipase C and protein ki-
nase A mediate bradykinin sensitization of TRPA1: a molecular mechanism of inflammatory pain. Brain
131: 1241–1251. doi: 10.1093/brain/awn060 PMID: 18356188
17. Trevisan G, Hoffmeister C, Rossato MF, Oliveira SM, Silva MA, et al. (2013) Transient receptor poten-
tial ankyrin 1 receptor stimulation by hydrogen peroxide is critical to trigger pain during monosodium
urate-induced inflammation in rodents. Arthritis Rheum 65: 2984–2995. doi: 10.1002/art.38112 PMID:
23918657
18. Trevisan G, Hoffmeister C, Rossato MF, Oliveira SM, Silva MA, et al. (2014) TRPA1 receptor stimula-
tion by hydrogen peroxide is critical to trigger hyperalgesia and inflammation in a model of acute gout.
Free Radic Biol Med 72: 200–209. doi: 10.1016/j.freeradbiomed.2014.04.021 PMID: 24780252
19. Moilanen LJ, Laavola M, Kukkonen M, Korhonen R, Leppanen T, et al. (2012) TRPA1 Contributes to
the Acute Inflammatory Response and Mediates Carrageenan-Induced Paw Edema in the Mouse. Sci
Rep 2: 380. doi: 10.1038/srep00380 PMID: 22532928
20. Eid SR, Crown ED, Moore EL, Liang HA, Choong KC, et al. (2008) HC-030031, a TRPA1 selective an-
tagonist, attenuates inflammatory- and neuropathy-induced mechanical hypersensitivity. Mol Pain 4:
48. doi: 10.1186/1744-8069-4-48 PMID: 18954467
21. DeBerry JJ, Schwartz ES, Davis BM (2014) TRPA1mediates bladder hyperalgesia in a mouse model
of cystitis. Pain 155: 1280–1287. doi: 10.1016/j.pain.2014.03.023 PMID: 24704367
22. Trevisan G, Materazzi S, Fusi C, Altomare A, Aldini G, et al. (2013) Novel therapeutic strategy to pre-
vent chemotherapy-induced persistent sensory neuropathy by TRPA1 blockade. Cancer Res 73:
3120–3131. doi: 10.1158/0008-5472.CAN-12-4370 PMID: 23477783
23. Forrest MJ (1988) The Subcutaneous Air-pouch Model of Inflammation. In: Greenwald RA, Diamond
HS, editors. Handbook of Animal Models of the Rheumatic Diseases. 1st ed. Florida, USA: CRC
Press, Inc. p. 125–133.
24. Otsuki T, Nakahama H, Niizuma H, Suzuki J (1986) Evaluation of the analgesic effects of capsaicin
using a new rat model for tonic pain. Brain Res 365: 235–240. PMID: 3947991
25. Coderre TJ, Wall PD (1987) Ankle joint urate arthritis (AJUA) in rats: an alternative animal model of ar-
thritis to that produced by Freund's adjuvant. Pain 28: 379–393. PMID: 3574965
26. Denko CW,Whitehouse MW (1976) Experimental inflammation induced by naturally occurring micro-
crystalline calcium salts. J Rheumatol 3: 54–62. PMID: 1271389
27. Graham FL, Smiley J, Russell WC, Nairn R (1977) Characteristics of a human cell line transformed by
DNA from human adenovirus type 5. J Gen Virol 36: 59–74. PMID: 886304
28. Assay of Intracellular Free Calcium in RAW 264.7 Cells Loaded with Fluo-3. 2003; Available: http://
www.signaling-gateway.org/data/cgi-bin/ProtocolFile.cgi/afcs_PP00000210.pdf?pid=PP00000210
29. Capasso R, Aviello G, Romano B, Borrelli F, De Petrocellis L, et al. (2012) Modulation of mouse gastro-
intestinal motility by allyl isothiocyanate, a constituent of cruciferous vegetables (Brassicaceae): evi-
dence for TRPA1-independent effects. Br J Pharmacol 165: 1966–1977. doi: 10.1111/j.1476-5381.
2011.01703.x PMID: 21955242
30. Kim MJ, Son HJ, Kim Y, Kweon HJ, Suh BC, et al. (2014) Selective activation of hTRPV1 by N-geranyl
cyclopropylcarboxamide, an amiloride-insensitive salt taste enhancer. PLoS One 9: e89062. doi: 10.
1371/journal.pone.0089062 PMID: 24586504
31. Kremeyer B, Lopera F, Cox JJ, Momin A, Rugiero F, et al. (2010) A Gain-of-Function Mutation in
TRPA1 Causes Familial Episodic Pain Syndrome. Neuron 66: 671–680. doi: 10.1016/j.neuron.2010.
04.030 PMID: 20547126
32. Perin-Martins A, Teixeira JM, Tambeli CH, Parada CA, Fischer L (2013) Mechanisms underlying tran-
sient receptor potential ankyrin 1 (TRPA1)-mediated hyperalgesia and edema. J Peripher Nerv Syst
18: 62–74. doi: 10.1111/jns5.12010 PMID: 23521647
33. Atoyan R, Shander D, Botchkareva NV (2009) Non-neuronal expression of transient receptor potential
type A1 (TRPA1) in human skin. J Invest Dermatol 129: 2312–2315. doi: 10.1038/jid.2009.58 PMID:
19282836
TRPA1 in Gout
PLOS ONE | DOI:10.1371/journal.pone.0117770 February 6, 2015 12 / 13
34. Jain A, Bronneke S, Kolbe L, Stab F, Wenck H, et al. (2011) TRP-channel-specific cutaneous eicosa-
noid release patterns. Pain 152: 2765–2772. doi: 10.1016/j.pain.2011.08.025 PMID: 21962912
35. Jakobsson P (2010) Pain: Howmacrophages mediate inflammatory pain via ATP signaling. Nat Rev
Rheumatol 6: 679–681. doi: 10.1038/nrrheum.2010.175 PMID: 21119716
36. Berridge MJ, Lipp P, Bootman MD (2000) The versatility and universality of calcium signalling. Nat Rev
Mol Cell Biol 1: 11–21. PMID: 11413485
37. Korhonen R, Kankaanranta H, Lahti A, Lahde M, Knowles RG, et al. (2001) Bi-directional effects of the
elevation of intracellular calcium on the expression of inducible nitric oxide synthase in J774 macro-
phages exposed to low and to high concentrations of endotoxin. Biochem J 354: 351–358. PMID:
11171114
38. Lunam CA, Gentle MJ (2004) Substance P immunoreactive nerve fibres in the domestic chick ankle
joint before and after acute urate arthritis. Neurosci Lett 354: 87–90. PMID: 14698445
39. Fernandes ES, Fernandes MA, Keeble JE (2012) The functions of TRPA1 and TRPV1: moving away
from sensory nerves. Br J Pharmacol 166: 510–521. doi: 10.1111/j.1476-5381.2012.01851.x PMID:
22233379
40. Graepel R, Fernandes ES, Aubdool AA, Andersson DA, Bevan S, et al. (2011) 4-Oxo-2-nonenal (4-
ONE): Evidence of Transient Receptor Potential Ankyrin 1-Dependent and -Independent Nociceptive
and Vasoactive Responses In Vivo. Journal of Pharmacology and Experimental Therapeutics 337:
117–124. doi: 10.1124/jpet.110.172403 PMID: 21205926
41. Hatano N, Itoh Y, Suzuki H, Muraki Y, Hayashi H, et al. (2012) Hypoxia-inducible factor-1alpha (HIF1al-
pha) switches on transient receptor potential ankyrin repeat 1 (TRPA1) gene expression via a hypoxia
response element-like motif to modulate cytokine release. J Biol Chem 287: 31962–31972. doi: 10.
1074/jbc.M112.361139 PMID: 22843691
TRPA1 in Gout
PLOS ONE | DOI:10.1371/journal.pone.0117770 February 6, 2015 13 / 13
